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Germinal centers (GCs) are induced microanatomical structures wherein B cells undergo affinity maturation to improve the quality of the antibody response. Although GCs are crucial to appropriate humoral responses to infectious challenges and vaccines, many questions remain about the molecular signals driving B cell participation in GC responses. The cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING) pathway is an important mediator of type I interferon and proinflammatory cytokine responses during infection and cellular stress. Recent studies have reported important roles for STING in B cell responses, including an impact on GC B cells and downstream antibody responses, which could have great consequences for vaccine design and understanding STING-associated interferonopathies. GCs are also involved in untoward reactions to autoantigens in a plethora of autoimmune disorders, and it is generally thought that these responses coopt the mechanisms used in foreign antigen-directed GCs. Here, we set out to investigate the importance of the cGAS-STING pathway in autoreactive B cell responses. In a direct competition scenario in a murine mixed bone marrow chimera model of autoreactive GCs, we find that B cell intrinsic deficiency of cGAS, STING, or the type I interferon receptor IFNAR, does not impair GC participation, whereas Toll-like receptor (TLR)-7 deficiency mediates a near-complete block. Our findings suggest that physiological B cell responses are strictly sustained by signals linked to BCR-mediated endocytosis. This wiring of B cell signals may enable appropriate antibody responses, while at the same time restricting aberrant antibody responses during infections and in autoimmune or autoinflammatory settings.
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Introduction

Antibodies are an important constituent of the adaptive immune response. During an ongoing response, antibodies are refined through a process called affinity maturation to attain high specificity and affinity against their cognate antigen. This process takes place in distinct anatomical locations inside the follicles of lymphoid tissues, termed germinal centers (GCs). Here, B cells activated by their cognate antigen undergo iterative cycles of clonal expansion with somatic hypermutation and selection towards affinity for antigen, to yield progressively higher affinity antibodies (1, 2). Ultimately, the selected B cell clones differentiate into either antibody producing plasma cells (PCs) or memory B cells. This process contributes greatly to the efficiency, plasticity and versatility of the humoral immune response against foreign antigens (3). Unfortunately, the pathogenesis of multiple autoimmune disorders is also influenced by such GC reactions, which contribute to the initiation and propagation of disease (4, 5). A prominent example is Systemic Lupus Erythematosus (SLE) (6), wherein GC reactions foster a phenomenon termed B cell epitope spreading (7, 8). In epitope spreading, the B cell pool expands and diversifies their antibody repertoire, which ultimately results in a diversification of the antigenic determinants targeted by the immune system. While this process is thought to contribute to robust protection against pathogens, it also plays a central role in propagating autoreactivity (9, 10). It has been noted that years before patients present with SLE, they evolve autoantibodies targeting an increasing breadth of autoantigens, and this is thought to drive the pathogenic process (11).

Despite the vital importance of robust B cell participation in GC reactions, and the dangers of untoward GC responses, many questions remain about the essential components and intracellular mechanisms involved. In the case of autoreactive GC responses, it has been found that B cell intrinsic signals driven by endogenous Toll-like receptor (TLR)-7 ligands are a main determinant of GC inclusion (12–14). The role of TLR9 has been debated, but the current consensus is that whereas TLR7 is pathogenic, TLR9 is protective (15). It has been suggested that autoreactivity first focuses on self-components which carry TLR ligands, because such dual-specific antigens will uniquely be able to activate B cells independently of T cells, with subsequent T–B interactions activating autoreactive T cells, resulting in chronic autoimmunity (16).

Whereas the B cell intrinsic role of TLRs has been the subject of intense scrutiny, much less is known about the multitude of cytosolic nucleic acid sensing pattern recognition receptors (PRRs), which may trigger signaling cascades with a vast variety of downstream responses (17). The cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING) pathway is important in the recognition of cytosolic double-stranded (ds)DNA structures. cGAS ligands have various sources and can originate from pathogens, like bacteria and viruses, or from self-DNA, cytosolically introduced by, e.g., genome destabilization, mitochondrial damage or phagocytosis of dead neighbor cells (18–20). The pathway is central in diseases like Aicardi–Goutières syndrome (AGS) and STING-associated vasculopathy with onset in infancy (SAVI), but has also been implicated in SLE (21–24).

One of the main downstream targets of STING activation is the induction of type I interferons (IFNs). Type I IFNs, produced auto- or paracrinely, in turn act on the Interferon-α/β Receptor, IFNAR, a heterodimer receptor complex of IFNAR1:IFNAR2. IFNAR signals via the JAK-STAT pathway, through JAK1/TYK2 and STAT1/2, to induce expression of multiple IFN-stimulated genes (ISGs). B cells express IFNAR, and type I interferons have previously been reported to modulate B cell physiology at several levels, including selection of naïve B cells into responses and a direct effect on GC B cells (25). Of interest in relation to the previously noted role of TLR signaling in B cells, it was reported that an IFN-β feedback loop regulates the B cell intrinsic expression of TLR7, hence determining the sensitivity of B cells to TLR7 mediated signals (26). Surprisingly, however, several recent studies found that knock-out of IFNAR did not impact GC B cell responses in in vivo models of autoreactivity, whereas IFN-γ was a critical component of the response (27–29).

While the roles of STING in stromal cells and immune cells of the myeloid lineage are well-established, much less is known about its functions in lymphocytes. However, several papers have reported that STING signaling in T cells can induce apoptosis (30, 31). In addition to accelerating cell death, STING activation in T lymphocytes could also prevent cell proliferation (32). This finding was extended by the observation that patients carrying constitutive active mutations in STING harbor a reduced number of T memory cells and display impaired T cell proliferation. Similar roles for STING in B cells could be envisioned to limit GC responses. Although the B cell intrinsic roles of STING signaling are still unclear, STING was recently suggested to be coupled to the B cell receptor (BCR) signal transduction in B cell activation (33–35).

DNA reactive B cells are a hallmark of lupus (36). Because the cGAS-STING pathway has been implicated in autoinflammatory and autoimmune conditions, we chose to investigate the role of STING in a murine mixed bone marrow (BM) chimera model of autoimmunity resembling SLE, with a prominent type I interferon signature. Notably, this model is based on an autoreactive driver, the 564Igi knock-in clone, which was originally identified based on its high affinity for DNA (12). As demonstrated recently, in the mixed chimera model, an epitope spreading process occurs, broadening the autoantigenic targets from this original focus on DNA to a plethora of additional autoantigenic targets (37). Hence, this model should be well suited to interrogate autoimmune processes stemming from initial recognition of nucleic acids and manifesting through a broadening autoreactivity, as also observed in SLE patients (11).



Materials and Methods


Mice

C57BL6/JRj (B6; CD45.2) were purchased from Janvier, congenic B6.CD45.1 (B6.SJL-Ptprca Pepcb/BoyJ, JAX stock no. 002014), Photo-Activatable (PA)-GFP transgenic mice (38) (B6.Cg-Ptprca Tg(UBC-PA-GFP)1Mnz/J, JAX stock no. 022486), and TLR7 knockouts (39) (B6.129S1-Tlr7tm1Flv/J, JAX stock no. 008380) were obtained from the Jackson Laboratories. 564Igi mice (12) (B6.Cg-Ightm1(Igh564)TikIgktm1(Igk564)Tik/J) were kindly made available by Theresa Imanishi-Kari and provided by Michael C. Carroll, Boston Children’s Hospital. IFNAR knockouts (B6(Cg)-Ifnar1tm1.2Ees/J, JAX stock no. 028288), STING-Gt (C57BL/6J-Sting1gt/J, JAX stock no. 017537), and Mb21d1 (cGAS) knockout mice (40) (B6(C)-Cgastm1d(EUCOMM)Hmgu/J, JAX stock no. 026554) were obtained at Jackson Laboratories and bred at Taconic Denmark. Mice were housed in the Animal Facility at Department of Biomedicine, Aarhus University, Denmark, under specific pathogen-free (SPF) conditions, on a 12-hour light/dark cycle with standard chow and water ad libitum. Donors were 6-9, 7-11, 6.5-14 or 9 weeks old, and recipients were 11, 6-8, 9 or 7 weeks old in the STING-Gt, TLR7, cGAS and IFNAR setups, respectively, and both male and female mice were used.



Ethics Statement

All animal experiments were conducted in accordance with the guidelines of the European Community and were approved by the Danish Animal Experiments Inspectorate (protocol number 2017-15-0201-01348).



Antibodies and Staining Reagents

Commercial antibodies and staining reagents originated from BioLegend: CD45.1-FITC, CD45.2-APC, CD38-PE-Cy7, CD4-PerCP, CD8a-PerCP-Cy5.5, IFNAR1 biotin, and streptavidin conjugated to BV786; from BD Biosciences: CD16/CD32, CD138-BV650, B220-PacBlue, CD95 (APO-1/Fas)-PE; from ThermoFisher Scientific: GL7-A488, Ki67-efluor660 and viability dye fixable live/dead stain eFlour780. The 9D11 hybridoma expressing anti-idiotypic monoclonal IgG1 antibody, clone 9D11 (41), was kindly provided by Elisabeth Alicot, Boston Children’s Hospital, and was conjugated with iFluor647 succinimidyl ester (AAT Bioquest) in-house.



Mixed Bone Marrow Chimeras

The day before the reconstitution, recipient mice were irradiated with 9 Gy in a MultiRad 350 (Faxitron), with settings of 350 kV, 11.4 mA, a Thoraeus filter [0.75 mm Tin (Sn), 0.25 mm Copper (Cu), and 1.5 mm Aluminum (Al)], and with a beam-distance of 37 cm. Irradiated recipients were kept on antibiotic water (either 1 mg sulfadiazine together with 0.2 mg trimethoprim per ml drinking water, or 0.25 mg amoxicillin per ml drinking water) to avoid any opportunistic infections. On the day of reconstitution, donor mice were anesthetized with 4% isoflurane in air and euthanized by cervical dislocation. Femora, fibulae/tibiae, ossa coxae and humeri were harvested, mechanically cleaned and rinsed in BM buffer [Phosphate-buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 and 1.8 mM KH2PO4; pH 7.4), 2% heat-inactivated Fetal Bovine Serum (FBS), 1 mM Ethylenediaminetetraacetic acid (EDTA)]. The BM cells were released from the harvested bones by crushing in a mortar with ice cold BM buffer and the cell extract was then passed through a 70 μm cell strainer. The strained donor BM cells were counted in a Cellometer K2 cell counter (Nexcelom) following the manufacturer’s instructions. Cells were pelleted by centrifugation (200 g, 4°C, 10 min) and resuspended to get a total cell concentration of 1·108 cells per ml. Donor cells of different origin were then mixed according to the needed proportions (e.g. 1/3 564, 1/3 CD45.1 and 1/3 CD45.2) as indicated in the figure legends of the individual setups.

The donor cell mixtures were used to reconstitute the myeloablated recipient mice by retroorbital injection of 200 μl (containing a total of 20·106 cells) into each anesthetized recipient mouse. The anesthetization was done with an Isoflurane vaporizer, using 4% isoflurane (Attane Vet, ScanVet) for the induction phase, followed by 2-3% for maintenance. Anesthesia was verified throughout the procedure by testing the pedal withdrawal reflex upon pinching. The reconstituted recipient mice were placed on antibiotic water (acidified drinking water containing 1 mg of sulfadiazin and 0.2 mg of trimethoprim/ml, or ultrafiltered water containing 0.25 mg amoxicillin/ml) the following 14 days, and for the TLR7-KO, cGAS-KO and the second STING-Gt cohort additionally 14 days before euthanasia.



Flow Cytometry

Six weeks after the reconstitution, the chimerism of the reconstituted recipient mice was evaluated by blood samples. Retroorbital blood samples were taken from each individual chimera and mixed with PBS with 5 mM EDTA, to prevent coagulation. Peripheral blood mononuclear cells were purified by density gradient centrifugation using Lympholyte-M cell separation medium (CedarLane), following the manufacturer’s instructions. The isolated mononuclear cells were transferred to cold BM buffer, pelleted and resuspended in cold BM buffer before staining for flow cytometry as indicated below.

Following verification of adequate chimerism, chimeras were euthanized, and the lymphoid organs of interest (inguinal and mesenteric lymph nodes [LNs] along with the spleen) were harvested. From the harvested lymphoid organs, lymphocytes were extracted through pestle homogenization and cells were strained through a 70 μm filter. Spleen samples were additionally resuspended in red blood cell lysis buffer (155 mM NH4Cl, 12 mM NaHCO3, 0.1 mM EDTA) for 5 min at room temperature (RT), before being diluted with cold BM buffer. All samples were centrifuged (200 g, 4°C, 5 min) and then resuspended in cold BM buffer, ready for further analysis by flow cytometry.

To a 96-well round-bottom plate were added 100 μl of the single cell suspensions, originating from either blood samples (chimerism determination and euthanasia) or harvested tissue sample (euthanasia). Each aliquoted cell suspension was mixed with 20 μl anti-CD16/CD32 antibody and incubated 5-10 min, 4°C, to block unspecific Fc-receptor binding. Each well was then added 100 μl of buffer (unstained), single antibody (for compensation controls) or antibody mixture (for flow panels) and were incubated 20 min on ice. Plates were subsequently centrifuged in swinging buckets (200 g, 4°C, 5 min) and the buffer was flicked out. Two-hundred μl BM buffer was added to each well, centrifuged, washed and flicked out again, before cells were resuspended in 200 μl BM buffer. Samples were analyzed on a Novocyte (Agilent) or an LSRFortessa (BD biosciences) flow cytometer. Only samples containing at least 100 events in the terminal GCB gate were included. This led to exclusion of a single mouse in the WT group of the TLR7 cohort, which did not display an autoimmune phenotype and consequently did not harbor splenic GC.



Anti-dsDNA Analyses

Time-resolved immunofluorometric assay (TRIFMA) was used for measurement of total anti-dsDNA Ig. Salmon sperm dsDNA (AM9680, Invitrogen) was diluted to 500 µg/ml in PBS (Lonza), filtered through a 0.45 µm filter and further diluted to 100 µg/ml in PBS. Microtitter wells (FluoroNunc Maxisorb, Thermo Scientific) were added 100 µl of the salmon sperm DNA preparation and incubated overnight at 4°C, in a humidified box. The next day the wells were emptied, filled with 200 µl Tris-buffered saline (TBS: 10 mM Tris-HCl, 140 mM NaCl, 15 mM sodium azide (NaN3), pH 7.4) containing 1% w/v bovine serum albumin (BSA, A4503, Sigma-Aldrich), and incubated at RT for 1 hour. The wells were then washed three times with TBS containing 0.05% Tween-20 (TBS/Tw). All samples, controls and standards were diluted in TBS/Tw containing 5 mM EDTA and 0.1% w/v BSA. A serum pool used as standard for total anti-dsDNA IgG was diluted 1/300 and further three-fold serially diluted 7 times. Three internal controls representing high, medium and low levels of dsDNA antibodies were each diluted 1/100. The samples were diluted 1/100, 1/500 and 1/2500. All samples, controls and standards were added to plates in duplicates, 100 µl/well, then incubated for 1 hour at 37°C. Wells were emptied and washed three times with TBS/Tw before being added biotinylated Goat-anti-mouse Ig (1010-08, Southern Biotech) at 0.5 mg/ml TBS/Tw. Following incubation for 1 hour at 37°C, wells were again washed thrice with TBS/Tw, and then added 100 µl Eu3+-labelled streptavidin (1244-360, PerkinElmer) in TBS/Tw containing 25 μM EDTA. Following 1 hour of incubation at RT, wells were emptied, washed thrice with TBS/Tw, then developed by the addition of enhancement buffer (0.57% v/v acetic acid, 0.1% v/v Triton X-100, 1% w/v polyethylene glycol 6000, 15 μM 2-naphtoyltrifluoroacetone (2-NTA), 50 μM Tri(n-octyl)phosphine oxide (TOPO), pH 3.2 with potassium hydrogen phthalate) followed by 5 min vigorous agitation and finally fluorescence read-out on a Victor X5 (PerkinElmer).



Confocal Imaging of Spleen Sections

Spleen sections were cut at 16 μm thickness on a Thermo Fisher Cryostar NX70 and mounted on Superfrost+ slides (Fisher Scientific). Sections were either fixed by addition of 1 ml acetone (Merck) and, following evaporation, subsequently rehydrated in PBS for 10 min; or by addition of 1 ml 4% paraformaldehyde (PFA) in PBS for 30 min, followed by 30 min of incubation with TBS, and finally permeabilization by a 30 min incubation with staining buffer (PBS, 2% FBS, 0.1% NaN3) containing 0.1% Triton-X100. The slides were then incubated overnight at 4°C with primary antibody (Ab) mixture in staining buffer. The antibody panel used for acetone fixed tissue was: CD45.1-E450, CD45.2-PE, IgD-AlexaFluor488, CD169-AlexaFluor647 (IFNAR and STING cohort 1), and for PFA fixed tissue the panel was: CD45.1-FITC, CD45.2-APC, CD169-PE, IgD-pacific blue (STING cohort 2, TLR7 and cGAS cohorts). After incubation, the slides were washed once with staining buffer for 5 min, followed by three washing steps with PBS containing 0.01% Tween-20. The slides were spot-dried and mounted using Dako Fluorescent Mounting Medium (Agilent) and 24x50mm coverslips (Hounisen). Imaging was performed on a Zeiss LSM800 Confocal Microscope with Airyscan, followed by post-processing in ImageJ.



Molecular Modelling

The Gt point mutation I199N was evaluated for its potential impact on the unfolding Gibbs free energy change, using the multi agent stability prediction web tool MAESTRO (https://pbwww.services.came.sbg.ac.at/maestro/web/maestro/workflow). The change in the change in Gibbs free energy upon introduction of the point mutation was calculated at biochemical standard conditions (T = 298.15 K, pH = 7, P = 1 bar). The MAESTRO web tool was utilized separately on each of the monomer-strands of the murine STING-dimer structure [pdb: 4KC0 (42)], and the ratio of the unfolding equilibrium constants of the mutant, STING-Gt (I199N), Kmut, and WT, KWT, was calculated for each chain of the dimeric structure in 4KC0 and averaged:

	



Site-Directed Mutagenesis, STING Expression, and STING Activity Analysis

To generate a plasmid encoding STING with the Gt mutation, we performed site-directed mutagenesis (QuickChange, Qiagen) on the vector pcDNA3.1 harboring murine STING with an N-terminal Flag-Tag, following standard procedures. Primers for site-directed mutagenesis were STING-Gt-F (5’-ccaatggaaagaggttgtacagtcttcggctcc-3’) and STING-Gt-R (5’-ggagccgaagactgtacaacctctttccattgg-3’) (Eurofins MWG). After DpnI digestion of the template, the product was transformed into TOP10 E. coli which were plated on LB agar containing 100 µg ampicillin/ml. Several colonies were picked, amplified in LB medium containing ampicillin, and minipreps prepared. The STING-Gt mutation was verified by sequencing using the BGH-R primer (Eurofins MWG).

For expression analysis, 2.5 · 105 HEK293TN cells were seeded in wells of a 12-well plate the day before transfection. Cells were transfected by adding in a pre-incubated mixture of 8 µl Lipofectamine2000 (LifeTechnologies) in Opti-MEM (Life-Technologies) and 2 µg DNA in 250 µl Opti-MEM. Twenty-four or 48 hours post-transfection, cells were washed in PBS, then lysed in 1/4 volume 4x sample buffer (10% glycerol v/v, 3% w/v SDS, 8 M urea, 60 mM Tris-HCl, pH 6.7, 0.001% w/v bromophenol blue), and added 1/10 volume 0.6 M dithiothreitol (DTT), then boiled for 3 min. Samples from transfections with STING-WT, STING-Gt, or a GFP plasmid control, along with a Precision Plus Protein Standards All Blue pre-stained marker (Bio-Rad), were then loaded onto a pre-cast 4-12% gradient Bis-Tris XT Criterion gel, which was run in XT-MOPS running buffer (Bio-Rad). The proteins were blotted onto nitrocellulose in transfer buffer (25 mM Tris, 0.192 M glycine, 20% v/v ethanol, 0.1% w/v SDS, pH 8.3) using a semi-dry blotter. The membrane was blocked in TBS/Tw 0.1% for 30 min, then incubated overnight with either rabbit anti-STING mAb (CellSignal, clone D1V5L) diluted 1/1000 in primary buffer (TBS/Tw containing 1 mg HSA/ml, 100 µg nhIgG/ml, and 1 mM EDTA), or mouse anti-FLAG mAb (SigmaAldrich, clone M2) diluted 1/5000 in primary buffer. The membrane was washed, incubated with secondary Ab in secondary buffer (TBS/Tw, 1 mM EDTA, and 100 µg human IgG/ml), and washed again before being developed with Super-Signal West Dura Extended Duration Substrate (Pierce). Images were taken using a charge-coupled device camera (ImageQuant LAS-4000; GE Healthcare) and analyzed with the Image Analysis Software supplied with the camera.

For in vitro STING activity analyses, HEK293T cells were seeded in 12-well plates (1 ml/well) after dilution to a density of 1·106 cells/ml and incubated at 37°C and 5% CO2 for 24 hours. A transfection mix was made of Renilla reporter plasmid (30 ng/well), Firefly reporter plasmid (970 ng/well), cGAS plasmid (20 ng/well) and pcDNA3/STING (either WT or Gt at 100 ng/well, or none for negative control). Empty pcDNA3.1 plasmid was added to a final total DNA amount of 2000 ng/well and plain DMEM was added to a total volume of 100 μl/well. Transfection with polyethylimine (PEI, Polyscience) was performed using standard procedures. The cells were lysed with cell culture lysis reagent (200 μl/well, Promega) and the lysates were cleared by centrifugation (1 min. at 10,000 g). To 10 µl of cell lysate was added 32.5 μl luciferase assay substrate (Promega) and subsequently 32.5 μl Stop and Glo substrate (Promega), and luminescence was measured in relative light units (RLU) using a Wallac 1420 instrument.



Ex Vivo Analyses of cGAS, STING and IFNAR Activity

Bone marrow-derived macrophages from WT, cGAS-KO and STING-Gt mice were either mock stimulated or stimulated with 2 µg dsDNA/ml for 6 hours, and the relative expression of IFN-β and β-actin measured by RT-qPCR. Bone marrow-derived macrophages from WT and IFNAR-KO mice were either mock stimulated or stimulated with 25 U IFN-β/ml for 6 hours, and the relative expression of Cxcl10 and β-actin measured by RT-qPCR.



Data Analysis and Presentation

Flow cytometry data analysis was performed using FlowJo v. 10.7. When the congenic marker strategy allowed, the relative ratios of GCB versus total B cell and PC versus total B cell deriving from the compartment of interest (COI) were calculated following normalization to the total knock-out plus WT competitor compartment, according to the following formulae:

	

	

Hereby, the small residual of 564Igi-derived cells, present in the total B cell but not the GCB compartment, can be ignored.

Statistical analyses were performed in GraphPad Prism v. 9 using two-way ANOVA followed by Sidak’s post-test, with significance level set at α = 0.05, as indicated in the figure legends.

Figures were rendered in Adobe Illustrator. Some figure elements were created with BioRender.com.




Results

We set out to investigate the role of the cGAS-STING signal transduction pathway in autoreactive GCB cells using a murine mixed BM chimera model that mimics the archetypal autoimmune disease SLE (37). In this model, the presence of a single autoreactive B cell clone (clone 564Igi) is sufficient to initiate an autoreactive process that subsequently recruits the wild type (WT) B cell population. The B cells derived from the 564Igi compartment eventually are outcompeted and constitute only a minor fraction of the total B cell repertoire. Uniquely to this model, the spontaneous autoreactive GCs established by the 564Igi compartment become populated and chronically self-sustained by the non-564Igi B cells and gain independence from the initial 564Igi trigger. Six to eight weeks following reconstitution, GCs are almost exclusively (~95%) composed of WT-derived cells (37, 43). Reconstitution with a third of each of 564Igi BM, BM from a WT donor, and BM from a WT donor harboring a specified genetic defect, hence results in chimeras with two equal-sized compartments of B cells sufficient or deficient in the gene of interest. Their competitive recruitment and participation in the autoreactive GC reaction can subsequently be evaluated to elucidate the functional relevance of their intrinsic molecular differences.


Autoreactive GC B Cells Do Not Depend on Intrinsic IFNAR Signaling

One of the main roles of STING signaling is the induction of type I IFNs which exert their downstream effects through the IFNAR receptor. To begin to understand the potential role of STING-driven signals, we set up mixed autoreactive chimeras in which IFNAR deficient and IFNAR sufficient B cell compartments competed with each other for GC participation. To this end, lethally irradiated CD45.2 WT recipients were reconstituted with 1 part CD45.2 564Igi, 1 part CD45.2 IFNAR KO, and 1 part CD45.1 WT BM donor cells (Figure 1A). As a control, we set up in parallel mixed chimeras in which the CD45.2 IFNAR KO donor cells were instead replaced with CD45.2 WT BM donor cells (Figure 1A).




Figure 1 | B cell intrinsic IFNAR signaling is not required for autoreactive germinal center participation. (A) Schematic overview of experimental setup with timeline. (B) B cell frequencies out of live, singlet lymphocytes, in lymphoid tissues of IFNAR-KO (blue, n = 6) and WT (red, n = 5) chimeras. Each dot represents an individual mouse and bars indicate mean +/- SD, with statistical significance given for two-way ANOVA followed by Sidak’s post-test (α = 0.05), ns = not significant. (C) As in (B), but for GCB cell frequencies instead. (D) Representative example from an IFNAR-KO chimera showing gates used to define CD45.2 vs. CD45.1 within the B cell (left) and GCB cell (right) compartments, and the parent GCB cell gate (center). (E) As (B), but showing relative GCB to B cell ratios for the compartment of interest (COI, CD45.2+CD45.1-). (F) Confocal micrographs of spleen sections from a representative IFNAR-KO chimera stained for IgD (naïve B cells, blue), CD45.1 (green), CD45.2 (red) and the marginal zone (CD169, not shown). Left, lower magnification image, with indication of the marginal zone (broken white line, based on CD169 staining, Figure S1J) and two GCs (numbered). Center and right panels, higher magnification images of the two GCs identified in the left panel. Channel assignments and brightness were adjusted to enhance visual clarity of micrographs. (G) Median fluorescence intensity of IFNAR on CD45.1 and CD45.2 B cells in inguinal lymph nodes of IFNAR-KO (blue, n = 6) and WT (red, n = 5) chimeras. Each dot represents an individual mouse and bars indicate mean +/- SD, with statistical significance given for two-way ANOVA followed by Sidak’s post-test (α = 0.05). ns = not significant, **** = p<0.0001. (H) as for (G), but for B cells in mesenteric lymph nodes. (I) as for (G), but for B cells in the spleen. (J) as for (G), but for GCB cells in inguinal lymph nodes. (K) as for (G), but for GCB cells in mesenteric lymph nodes. (L) as for (G), but for GCB cells in the spleen.



Six weeks after reconstitution, the mice were bled and the degree of chimerism analyzed by flow cytometry. Both groups displayed normal and comparable levels of B cells, CD4 and CD8 T cells (Figures S1A–C). In the T cell compartment, approximately two thirds of the cells carried CD45.2, and one third CD45.1, in agreement with a near-complete ablation of the recipient compartment, and an equal representation of each of the three donor compartments (Figures S1D, E). In the B cell compartment, approximately half of the B cells were CD45.2 and half CD45.1 (Figure S1F), fitting with the previously noted negative selection of 564Igi cells upon reconstitution (37). In further agreement with this notion, only a low residual frequency of 9D11 positive cells carrying the knock-in receptor of the 564Igi compartment remained (Figure S1G). Despite this, circulating anti-dsDNA autoantibodies were detectable (Figure S1H). Taken together, this demonstrated that loss of IFNAR did not impair reconstitution of the major lymphocyte subsets, and that the absence of IFNAR signaling competence in one third of the hematopoietic lineage did not prevent the autoreactive phenotype of the model. To verify the functional effect of the IFNAR-KO, we generated ex vivo bone marrow-derived macrophages from IFNAR-KO and WT mice, stimulated these with IFN-β, and measured the expression of Cxcl10 relative to β-actin. WT derived macrophages produced Cxcl10 in response to IFN-β, whereas IFNAR-KO derived macrophages did not (Figure S1I).

To investigate the B cell intrinsic role of IFNAR in GC participation, the chimeras were euthanized and spleens, inguinal and mesenteric LNs harvested for flow analysis. Normal and comparable levels of B cells were found in the IFNAR-KO and internal control (WT) setup (Figure 1B). Both groups displayed appreciable (~1%) GCB cell frequencies in the spleen and IngLN, commensurate with the autoimmune phenotype, and robust GCB cell frequencies in the MesLN, likely as an additive effect of the autoimmune phenotype and the response to the gut microbiota at this anatomical location (Figure 1C). To directly determine the competitive potential of B cells deficient in IFNAR for GC participation, we gated on the CD45.2 cells in the GC compartment (CD38lo, CD95hi of B cells) and related this to the frequency of CD45.2 cells in the total B cell pool (B220+ of live, singlet lymphocytes) (Figure 1D). If the B cell intrinsic loss of IFNAR significantly impaired GC participation, we would expect to see an underrepresentation of cells from the compartment of interest (COI) among the GCB cells, relative to the WT CD45.1 competitor cells, but only when the COI was IFNAR KO and not in the WT CD45.2 control chimeras. As can be seen in Figure 1E, the relative ratios of the COI GCB to COI B cells were comparable between the two groups across tissues. We confirmed this observation by microscopy, demonstrating the presence of both CD45.1 and CD45.2 cells in the GC (Figures 1F, S1J). Therefore, the presence or absence of IFNAR did not appear to impact the ability of GCB cells to participate in the autoreactive GC responses of spleen and IngLN, nor in the mixed responses of the MesLN. Yet the possibility remained that the CD45.2 cells observed were not derived from the COI, but from 564Igi or WT recipient cells, which were also CD45.2.

As we could not uniquely assign the CD45.2 cells to the IFNAR KO compartment, because they were indistinguishable from 564Igi and recipient compartments, we sought to experimentally verify that the cells of interest were indeed IFNAR KO. To this end, we stained the cells with an anti-IFNAR antibody and determined the Median Fluorescence Intensity (MedFI) in the total B cell and GCB cell compartments. As can be seen, CD45.1 WT cells from both groups displayed robust expression of IFNAR in both compartments (Figures 1G–L). However, in the IFNAR KO group, CD45.2 cells displayed a significantly reduced expression of IFNAR, whereas the expression level of CD45.2 cells in the control WT group was on par with that of the CD45.1 cells. These findings were recapitulated by gating of IFNAR positive versus negative cells across the CD45.1 and CD45.2 populations (Figures S1K–P). Accordingly, we concluded that the bulk of CD45.2 cells present in the total B cell and GCB cell pool from IFNAR KO chimeras were in fact derived from the IFNAR KO bone marrow donor, and were indeed IFNAR deficient. Yet these cells were present to a similar extent in GC as the WT cells, thus directly demonstrating their independence of intrinsic IFNAR signals for GC participation.



Autoreactive GC B Cells Do Not Depend on Intrinsic STING Signaling

Type I IFN production and IFNAR signaling is only one of the effectors of cGAS-STING signaling, which diverges into four independent downstream functionalities: IRF3 activation, NF-κB and MAPK pathway activation, autophagy and lysosomal cell death (LCD). To more directly interrogate the potential role of STING-driven signals, which could also be independent of IFNAR, we set up mixed autoreactive chimeras in which STING deficient and STING sufficient B cell compartments competed with each other for GC participation. To this end, we employed the STING Golden-ticket (STING-Gt) mutant (I199N), which is generally considered a functional STING knock-out (44).

Similar to the IFNAR KO chimeras, lethally irradiated CD45.2 WT recipients were reconstituted with 1 part CD45.2 564Igi, 1 part CD45.2 STING-Gt, and 1 part CD45.1 WT BM donor cells (Figure 2A). Again, as a control, we in parallel set up mixed chimeras, in which the CD45.2 STING-Gt donor cells were instead replaced with CD45.2 WT BM donor cells (Figure 2A).




Figure 2 | B cell intrinsic STING signaling is not required for autoreactive germinal center participation. (A) Schematic overview of experimental setup with timeline. (B) B cell frequencies out of live, singlet lymphocytes, in lymphoid tissues of STING-Gt (blue, n = 5) and WT (red, n = 5) chimeras. Each dot represents an individual mouse and bars indicate mean +/- SD, with statistical significance given for two-way ANOVA followed by Sidak’s post-test (α = 0.05), ns = not significant. (C) As in (B), but for GCB cell frequencies instead. (D) Representative example from a STING-Gt chimera showing gates used to define CD45.2 vs. CD45.1 within the B cell (left) and GCB cell (right) compartments, and the parent GCB cell gate (center). (E) As (B) but showing relative GCB to B cell ratios for the compartment of interest (COI, CD45.2+CD45.1-). (F) Confocal micrographs of spleen sections from a representative STING-Gt chimera stained for IgD (naïve B cells, blue), CD45.1 (green), CD45.2 (red) and the marginal zone (CD169, not shown). Left, lower magnification image, with indication of the marginal zone (broken white line, based on CD169 staining, Figure S2G) and three GCs (numbered). Subsequent panels present higher magnification images of each of the three numbered GCs in the left panel. Channel assignments and brightness were adjusted to enhance visual clarity of micrographs. (G) As (B), but for Ki67 positive frequency within the GCB cell compartment of interest (COI, CD45.2+CD45.1-). (H) As (B), but for 564Igi idiotype (9D11+) frequencies of B cells.



Blood samples were taken from the chimeras six weeks after reconstitution, and analyzed for the degree of chimerism by flow cytometry. Both groups displayed normal and comparable levels of B cells and T cells (Figures S2A, B). In the T cell compartment, approximately two thirds of the cells carried CD45.2, and one third CD45.1, again in agreement with a near-complete ablation of the recipient compartment, and an equal representation of each of the three donor compartments (Figure S2C). In the B cell compartment, in agreement with the previously noted negative selection of 564Igi cells upon reconstitution, approximately half of the B cells were CD45.2 and half CD45.1, albeit with a slight underrepresentation of the STING compartment (Figure S2D). Only a low residual frequency of 9D11 positive cells carrying the knock-in receptor of the 564Igi compartment remained (Figure S2E). Despite this, a robust level of circulating anti-dsDNA autoantibodies was detectable (Figure S2F). As for IFNAR, this demonstrated that loss of STING did not impair reconstitution of the major lymphocyte subsets, and that the absence of STING signaling competence in one third of the hematopoietic lineage did not limit the autoreactive phenotype of the model.

To investigate the B cell intrinsic role of STING in GC participation, the mice were euthanized and spleens, inguinal and mesenteric LNs harvested for flow analysis. Normal and comparable levels of B cells were found in the STING-Gt and internal control (WT) setup (Figure 2B). Both groups displayed appreciable (~1-3%) GCB cell frequencies in the spleen and IngLN, commensurate with the autoimmune phenotype, and in the MesLN, likely in response to the gut microbiota (Figure 2C). To directly determine the competitive potential of B cells deficient in STING for GC participation, we gated on the CD45.2 cells in the GC compartment (CD38lo, GL7hi of B cells) and related this to the frequency of CD45.2 cells in the total B cell pool (B220+ of live, singlet lymphocytes) (Figure 2D). If the B cell intrinsic loss of STING significantly impaired GC participation, we would expect to see an underrepresentation of cells from the COI among the GCB cells, relative to the WT CD45.1 cells, but only when the COI was STING KO and not in the WT CD45.2 control chimeras. As can be seen in Figure 2E, the relative ratios of the COI GCB to COI B cells were comparable between the two groups across tissues. We confirmed this observation by microscopy, demonstrating the presence of both CD45.1 and CD45.2 cells in the GC (Figures 2F, S2G). Therefore, the presence or absence of STING did not appear to impact the ability of GCB cells to participate in the autoreactive GC responses of spleen and IngLN, nor in the mixed responses of the MesLN.

STING has additionally been suggested to regulate cell death signaling in lymphocytes (45), and since a hallmark of GCB responses is rapid proliferation regulated by high rates of controlled apoptosis, we investigated if the degree of proliferating GCB cells varied between the compartments with either a sufficient or deficient STING function. To this end, we performed intracellular staining for the nuclear marker of proliferation, Ki67. We did not observe any variation in the proportion of proliferating GCB that correlated to STING-functionality (Figure 2G).

Based on our experience with the IFNAR chimeras, we surmised that recipient cells were efficiently ablated and that 564Igi donor cells did not contribute significantly to the reconstituted compartments at equilibrium. Although it appeared unlikely that the STING BM chimera setup would behave fundamentally differently from that of the IFNAR chimeras, the possibility did remain that the CD45.2 cells observed were derived from the indistinguishable 564Igi and recipient compartments. However, unlike for IFNAR, we did not have antibodies available to stain directly for STING in the flow cytometric analyses. Furthermore, it was unclear whether STING-Gt B cells would express non-functional STING, and hence could be stained by such an antibody, despite being functionally deficient. Therefore, as a first step towards excluding participation of the 564Igi derived cells, we stained with the 9D11 anti-idiotypic antibody and observed only a low frequency of these cells across the tissues of interest (Figure 2H). However, this still fell short of excluding a contribution of hypermutated 564Igi-derived cells that could have lost 9D11 positivity, as well as a potential residual from the recipients.

To ensure that the lack of any observed effect of STING deficiency was not an artefact due to residual 564Igi or WT recipient cells, we repeated the experiment in a manner where we could definitively discriminate the three donor compartments and the recipient compartment. Accordingly, lethally irradiated CD45.1/1 WT recipients were reconstituted with 1 part CD45.2/2 564Igi cells additionally carrying photoactivatable green fluorescent protein (PA-GFP) as a congenic marker, 1 part CD45.2/2 STING-Gt, and 1 part CD45.1/2 WT BM donor cells (Figure 3A). Control (WT) chimeras were again set up in parallel, in which the CD45.2/2 STING-Gt donor cells were instead replaced with CD45.2/2 WT BM donor cells (Figure 3A).




Figure 3 | Unique identification of STING-Gt cells recapitulates the finding that B cell intrinsic STING signaling is not required for autoreactive germinal center participation. (A) Schematic overview of experimental setup with timeline. (B) B cell frequencies out of live, singlet lymphocytes, in lymphoid tissues of STING-Gt (blue, n = 6) and WT (red, n = 7) chimeras. Each dot represents an individual mouse and bars indicate mean +/- SD, with statistical significance given for two-way ANOVA followed by Sidak’s post-test (α = 0.05), ns = not significant, * = p<0.05. (C) As in (B), but for GCB cell frequencies instead. (D) Representative example from a STING-Gt chimera showing gates used to define CD45.1 vs. PA-GFP within the B cell (left) and GCB cell (right) compartments, and the parent GCB cell gate (center). (E) As (B) but showing relative GCB to B cell ratios for the compartment of interest (COI, CD45.1- PA-GFP-). (F) Confocal micrographs of spleen sections from a representative STING-Gt chimera stained for IgD (naïve B cells, blue), CD45.1 (green), CD45.2 (red) and the marginal zone (CD169, not shown). From left, lower magnification image with indication of the marginal zone (broken white line, based on CD169 staining, Figure S3J) and a GC (numbered), followed by a higher magnification image of that GC. Then another lower magnification image with indication of the marginal zone (broken white line, based on CD169 staining, S3J), and a GC (numbered), followed by a higher magnification image of that GC. Channel assignments and brightness were adjusted to enhance visual clarity of micrographs. (G) As (E) but showing relative PC (plasma blast/cell, CD138hi within live, singlet lymphocytes) to B cell ratios for the compartment of interest (COI, CD45.1- PA-GFP-). (H) As (B), but for 564Igi idiotype (9D11+) frequencies of PA-GFP positive B cells.



We took blood samples six weeks after reconstitution and analyzed the degree of chimerism by flow cytometry. Normal and comparable levels of B cells, CD4 and CD8 T cells were observed in both groups (Figures S3A–C). In the T cell compartment, approximately two thirds of the cells were CD45.1 negative, half of these PA-GFPpos the other half PA-GFPneg, while one third carried CD45.1. This again agreed with a near-complete ablation of the recipient compartment, and an equal representation of each of the three donor compartments (Figures S3D–F). In the B cell compartment, approximately half of the B cells were CD45.1 PA-GFP double negative and half CD45.1 positive, whereas barely any CD45.1neg PA-GFPpos 564Igi-derived cells were detected (Figure S3G), in agreement with the previously noted negative selection of 564Igi cells upon reconstitution. In further agreement with this notion, only a low residual frequency of 9D11 positive cells carrying the knock-in receptor of the 564Igi compartment remained (Figure S3H). A robust level of circulating anti-dsDNA autoantibodies was detectable in both groups (Figure S3I).

The mice were euthanized and spleens, inguinal and mesenteric LNs harvested for flow analysis. Normal and comparable levels of B cells were found in the STING-Gt and internal control (WT) setup (Figure 3B). Although both groups displayed appreciable (~1-3%) GCB cell frequencies in the spleen and IngLN, commensurate with the autoimmune phenotype, we noted that the GC frequency was slightly higher in the spleen of the WT control group. Notwithstanding this difference, both groups did have a robust GCB phenotype (Figure 3C). Accordingly, we again directly interrogated the competitive potential of B cells deficient in STING for GC participation, by gating on the CD45.1 PA-GFP double negative cells in the GC compartment (CD38lo, CD95hi of B cells) and related this to the frequency of CD45.1 PA-GFP double negative cells in the total B cell pool (B220+ of live, singlet lymphocytes) (Figure 3D). As can be seen in Figure 3E, the relative ratios of the COI GCB to COI B cells were comparable between the two groups across tissues. We confirmed this observation by microscopy, demonstrating the presence of both CD45.1/2 and CD45.2/2 cells in the GC (Figures 3F, S3J). The lack of difference was similarly recapitulated in the PC compartment (Figure 3G). The idiotype frequency in the spleen was slightly higher for the WT group, as compared to the STING-Gt group (Figure 3H), potentially explaining the slight difference in GC magnitude in this tissue between groups (Figure 3C). Importantly, however, the congenic marker strategy employed in this experiment allowed exclusion of any 564Igi contribution in our flow cytometry results. In line with the findings from our previous STING cohort, this confirmed that the presence or absence of STING did not impact the ability of GCB cells to participate in the autoreactive GC responses of spleen and IngLN, nor in the mixed responses of the MesLN.

Taken together, our results indicated that STING deficiency did not impair autoreactive GCB cell fitness. This was at odds with a recent report demonstrating a function of STING in regulating the BCR, and also impacting GCB cells (33). That study was based on a complete STING knock-out, and hence we considered the possibility that STING-Gt could retain some level of functionality, although it has been used extensively in the literature as a functional knock-out. We evaluated the potential impact of the Gt point mutation I199N on the unfolding Gibbs free energy change, using MAESTRO (46). This prediction revealed that the mutant is approximately 383 times more likely to be unfolded at biochemical standard conditions than the WT variant of STING, indicating a destabilizing contribution of the STING-Gt mutation I199N on the process of STING monomer-folding. Notwithstanding these theoretical considerations, we decided to also experimentally investigate the impact of the STING-Gt mutation on the stability of the protein. To this end, we employed a wild-type murine STING expression construct with an N-terminal FLAG tag, and generated the STING-Gt variant by site-directed mutagenesis. We subsequently transfected HEK293 cells with the two constructs, or a control GFP construct, and assessed the expression level by Western blotting. As can be seen in Figure S3K, using an anti-FLAG antibody for detection, we saw a reduced level of expression of STING-Gt relative to wild-type STING. This finding was recapitulated upon detection with an antibody to STING (Figure S3L). Nonetheless, STING-Gt was detectable, and hence not completely absent, raising the question of residual functionality. We subsequently tested the activity of STING WT and Gt in a luciferase assay relying on co-expression with cGAS in HEK293 cells. As shown in Figure S3M, whereas WT STING was active in this assay, STING-Gt did not have any detectable activity above background. These findings directly recapitulated the original observations of Sauer and colleagues (44). To verify that the STING-Gt mice in our colony were in fact devoid of STING activity, we furthermore generated ex vivo bone marrow-derived macrophages and stimulated these with dsDNA. WT derived macrophages produced IFN-β in response to dsDNA stimulation, whereas STING-Gt derived macrophages did not (Figure S3N). Taken together, our results verified that STING-Gt faithfully recapitulates a functional STING knock-out.



Autoreactive GC B Cells Depend Critically on Intrinsic TLR7 Signaling

Having observed that neither IFNAR nor STING had an impact on GCB cell fitness in the mixed chimera model, we considered the possibility that the model did not faithfully recapitulate the autoreactive epitope spreading originally observed. Although it was previously demonstrated that the mixed chimera model is a robust model for interrogating signal pathways essential for autoreactive GCB cell function (37), the establishment of the model in another animal facility and setting could potentially preclude 1:1 extrapolation of the phenotype. Hence, to provide an internal control in our setup to validate the robustness of the model, we set up a similar mixed chimera cohort with internal competition between TLR7 sufficient and deficient cells, as TLR7 was previously demonstrated to significantly impact GCB cell fitness (37). Accordingly, myeloablated CD45.1/1 WT recipients were reconstituted with 1 part CD45.1/2 564Igi donor cells, which additionally carried PA-GFP, 1 part CD45.2/2 TLR7 KO, and 1 part CD45.1/2 WT donor BM cells (Figure 4A). Again, as a control, we set up in parallel mixed chimeras, in which the CD45.2/2 TLR7 KO donor cells were instead substituted with CD45.2/2 WT BM donor cells (Figure 4A).




Figure 4 | B cell intrinsic TLR7 signaling is critical for autoreactive germinal center participation. (A) Schematic overview of experimental setup with timeline. (B) B cell frequencies out of live, singlet lymphocytes, in lymphoid tissues of TLR7-KO (blue, n = 5) and WT (red, n = 5) chimeras. Each dot represents an individual mouse and bars indicate mean +/- SD, with statistical significance given for two-way ANOVA followed by Sidak’s post-test (α = 0.05), ns = not significant, ** = p<0.01, **** = p<0.0001. (C) As in (B), but for GCB cell frequencies instead. (D) Representative example from a TLR7-KO chimera showing gates used to define CD45.1 vs. PA-GFP within the B cell (left) and GCB cell (right) compartments, and the parent GCB cell gate (center). (E) As (B) but showing relative GCB to B cell ratios for the compartment of interest (COI, CD45.1- PA-GFP-). (F) Confocal micrographs of spleen sections from a representative TLR7-KO chimera and WT control chimera stained for IgD (naïve B cells, blue), CD45.1 (green), CD45.2 (red) and the marginal zone (CD169, not shown). Left two panels originate from a TLR7-KO chimera, lower magnification image with indication of the marginal zone (broken white line, based on CD169 staining, Figure S4J) and a GC (numbered), followed by higher magnification image of that GC. Right two panels, like those on the left but originating from a WT chimera instead. Channel assignments and brightness were adjusted to enhance visual clarity of micrographs. (G) As (E) but showing relative PC (plasma blast/cell, CD138hi within live, singlet lymphocytes) to B cell ratios for the compartment of interest (COI, CD45.1- PA-GFP-). (H) As (B), but for 564Igi idiotype (9D11+) frequencies of B cells.



Six weeks post reconstitution, we evaluated the degree of chimerism in the blood by flow cytometry. Normal and comparable levels of B cells, CD4 and CD8 T cells were observed in both groups (Figures S4A–C). In the T cell compartment, approximately two thirds of the cells carried CD45.1, half of these PA-GFPpos the other half PA-GFPneg, and one third were CD45.2/2, again in agreement with a near-complete ablation of the recipient compartment, and an equal representation of each of the three donor compartments (Figures S4D–F). In the B cell compartment, approximately half of the B cells were CD45.2 only, half CD45.1 positive, and very few of the CD45.1 positive cells were PA-GFPpos (Figure S4G), in agreement with the previously noted negative selection of 564Igi cells upon reconstitution. In further agreement with this notion, only a low residual frequency of 9D11 positive cells carrying the knock-in receptor of the 564Igi compartment remained (Figure S4H). Despite this, an appreciable level of circulating anti-DNA autoantibodies was detectable (Figure S4I). As for IFNAR and STING, this demonstrated that loss of TLR7 did not impair reconstitution of the major lymphocyte subsets, and that the absence of TLR7 signaling competence in one third of the hematopoietic lineage did not limit the autoreactive phenotype of the model.

The chimeras were euthanized, and we investigated the spleens, inguinal and mesenteric LNs. Normal and comparable levels of B cells were found in the TLR7-KO and internal control (WT) setup (Figure 4B). GC B cells were present in significant numbers, upwards of 4% in the spleen and ~2% in the inguinal and mesenteric LNs (Figure 4C). We again gated out the COI (identified by their CD45.2/2 alleles, being CD45.1neg and PA-GFPneg) within the total B cell and GCB cell pools (Figure 4D), and observed a dramatic and statistically significant disadvantage for TLR7 deficient B cells, in their participation in GC reactions of spleen and skin-draining inguinal lymph nodes (Figure 4E). This effect was, however, not observed in the mesenteric LNs, in agreement with previous observations (37), likely as a consequence of the diverse pathways driving GC responses towards the microbiota in this anatomical location. Hence, our observations faithfully recapitulated the prior observations in this model (37). Using confocal microscopy, we confirmed the finding that TLR7-KO cells were largely excluded from the GC (Figures 4F, S4J). We furthermore observed a significantly lowered PC output from TLR7-deficient B cells in the spleen, compared to the TLR7-sufficient cells, when looking at the relative ratios of PCs to B cells from the COI (Figure 4G). This indicated a functional impact of the disability of TLR7 deficient B cells in GCs, in turn causing a lowered plasma cell output from this compartment. The frequency of idiotype positive cells was low across tissues in both groups (Figure 4H). Taken together, these observations verified the fidelity of the model.



Autoreactive GC B Cells Do Not Depend on Intrinsic cGAS-Mediated Sensing

STING works through the upstream signal mediator cGAS, a nucleotidyl transferase which initiates the cGAS-STING pathway upon dsDNA binding. To corroborate our findings and further test the role of the STING pathway in an independent genetic model, we set up mixed chimeras in which cGAS sufficient or deficient cells were competing with each other. Lethally irradiated CD45.2/2 WT recipients were reconstituted with 1 part CD45.2/2 564Igi carrying PA-GFP, 1 part CD45.2/2 cGAS KO, and 1 part CD45.1/2 WT BM donor cells (Figure 5A). As a control, we set up in parallel mixed chimeras, in which CD45.2/2 WT BM donor cells were substituted for the CD45.2/2 cGAS KO donor cells (Figure 5A).




Figure 5 | B cell intrinsic cGAS signaling is not required for autoreactive germinal center participation but marginally impacts PC output in the spleen. (A) Schematic overview of experimental setup with timeline. (B) B cell frequencies out of live, singlet lymphocytes, in lymphoid tissues of cGAS-KO (blue, n = 7) and WT (red, n = 7) chimeras. Each dot represents an individual mouse and bars indicate mean +/- SD, with statistical significance given for two-way ANOVA followed by Sidak’s post-test (α = 0.05), ns = not significant, ** = p<0.01. (C) As in (B), but for GCB cell frequencies instead. (D) Representative example from a cGAS-KO chimera showing gates used to define CD45.1 vs. PA-GFP within the B cell (left) and GCB cell (right) compartments, and the parent GCB cell gate (center). (E) As (B) but showing relative GCB to B cell ratios for the compartment of interest (COI, CD45.1- PA-GFP-). (F) Confocal micrographs of spleen sections from a representative cGAS-KO chimera stained for IgD (naïve B cells, blue), CD45.1 (green), CD45.2 (red) and the marginal zone (CD169, not shown). Left, lower magnification image, with indication of the marginal zone (broken white line, based on CD169 staining, Figure S5K) and three GCs (numbered). Subsequent panels present higher magnification images of each of the three numbered GCs in the left panel. Channel assignments and brightness were adjusted to enhance visual clarity of micrographs. (G) As (E) but showing relative PC (plasma blast/cell, CD138hi within live, singlet lymphocytes) to B cell ratios for the compartment of interest (COI, CD45.1- PA-GFP-). (H) As (B), but for 564Igi idiotype (9D11+) frequencies of PA-GFP positive B cells.



The chimeric phenotype was verified by flow cytometry on blood samples six weeks post reconstitution. Both groups displayed normal and comparable levels of B cells, CD4 and CD8 T cells (Figures S5A–C). In the T cell compartment, approximately two thirds of the cells carried CD45.2 only, half of these PA-GFPpos, the other half PA-GFPneg, and one third were CD45.1/2, again in agreement with a near-complete ablation of the recipient compartment, and an equal representation of each of the three donor compartments (Figures S5D–F). In the B cell compartment, approximately half of the B cells were CD45.2/2 and half CD45.1/2, and very few of the CD45.2/2 cells were PA-GFPpos (Figure S5G), in agreement with the previously noted negative selection of 564Igi cells upon reconstitution. In further agreement with this notion, only a low residual frequency of 9D11 positive cells carrying the knock-in receptor of the 564Igi compartment remained, and slightly more in the WT setup (Figure S5H). An appreciable level of circulating anti-dsDNA autoantibodies was detectable in the cGAS chimeras, although the level was significantly higher in the WT group (Figure S5I). As for IFNAR, STING and TLR7, this demonstrated that loss of cGAS did not impair reconstitution of the major lymphocyte subsets, and that the absence of cGAS signaling competence in one third of the hematopoietic lineage did not prevent the autoreactive phenotype of the model. To verify the functional effect of the cGAS-KO, we generated ex vivo bone marrow-derived macrophages from cGAS-KO and WT mice, stimulated these with dsDNA, and measured the expression of IFN-β relative to β-actin. WT derived macrophages produced IFN-β in response to dsDNA, whereas cGAS-KO derived macrophages did not (Figure S5J).

To investigate the B cell intrinsic role of cGAS in GC participation, the chimeras were euthanized and spleens, inguinal and mesenteric LNs harvested for flow analysis. Normal and comparable levels of B cells were found in the cGAS-KO and internal control (WT) setup (Figure 5B). Both groups displayed appreciable (~1-4%) GCB cell frequencies in the inguinal LN, mesenteric LN and spleen (Figure 5C). To directly determine the competitive potential of B cells deficient in cGAS for GC participation, we gated on the CD45.1 PA-GFP double negative cells in the GC compartment (CD38lo, CD95hi of B cells) and related this to the frequency of CD45.1 PA-GFP double negative cells in the total B cell pool (B220+ of live, singlet lymphocytes) (Figure 5D). As can be seen in Figure 5E, the relative ratios of the COI GCB to COI B cells were comparable between the two groups across tissues. We confirmed this observation by microscopy, demonstrating the presence of both CD45.1/2 and CD45.2/2 cells in the GC (Figures 5F, S5K). We furthermore observed a marginally, but significantly, lowered PC output from cGAS-deficient B cells in the spleen, compared to the cGAS-sufficient setup, when looking at the relative ratios of PCs to B cells from the COI (Figure 5G). The frequency of idiotype cells across tissues did not differ significantly between the two groups (Figure 5H). Despite the slight effect of cGAS deficiency on PC output, the presence or absence of cGAS clearly did not impact the ability of GCB cells to participate in the autoreactive GC responses of spleen and inguinal LN, nor in the mixed responses of the mesenteric LN.




Discussion

Here, we investigated the B cell intrinsic role of the cGAS-STING pathway in autoreactive GCB cell responses. We leveraged a unique mouse model initiated by a single B cell clone reactive with DNA and ribonuclear antigens, and displaying rampant epitope spreading in the WT compartment. In this model, it is possible to isolate the B cell intrinsic effect of genetic alterations in a direct competitive scenario within the WT compartment. Importantly, because the 564Igi BM contributes equally to the non-B cell compartments, at least two thirds of non-B cells, and all recipient-derived stromal cells, do not carry the specified genetic defect, rendering the environment sufficient. Accordingly, these chronic and WT-sustained GCs carry a unique possibility to investigate a B cell intrinsic influence of a signaling parameter in an internally controlled competitive scenario. The model furthermore includes physiological GC characteristics such as a pauciclonal evolution (47) and T cell dependence (37).

Prior studies on the B cell intrinsic roles of STING are limited, and have yielded seemingly contradictory results. Using the Mb1-Cre STINGflx/flx model, Walker and colleagues found that B cell intrinsic STING signaling synergizes with BCR signals to promote antibody responses (35). In direct contrast to these findings, a recent report demonstrated that B cells carrying constitutively activated STING are less capable of responding to BCR activation, and consequently, that B cell-specific STING KO mice (CD19-Cre STINGflx/flx) produced significantly more antigen-specific plasma cells upon T-independent antigen immunization (34). In agreement with the second of these studies, Jing et al. reported that STING negatively regulates BCR signaling by inhibiting the activation of CD19 and Btk, but surprisingly, in line with the first of the studies they also found that STING is required for an efficient humoral immune response elicited by T-dependent antigens. They suggested this to be due to a B cell intrinsic effect, although it was investigated in a global STING KO model (33).

We did not observe any role for STING in autoreactive GCB cell responses, neither through direct abrogation of STING activity through the STING-Gt mutation, nor by complete knock-out of the upstream STING signal molecule cGAS. We also did not observe any difference in the frequency of proliferating GC B cells in the STING-Gt vs. WT compartment of STING-Gt mixed chimeras, suggesting that STING signaling did not regulate cell death signaling in our model. However, human immune cells have been reported to be particularly sensitive to STING mediated cell death, indicating that there could be important species differences in this aspect of the pathway (45). Although the STING-Gt model has been verified in many independent studies as a robust model of STING deficiency, we noted that previous reports of STING functions in B cells were based upon complete or conditional knock-out of STING. We verified that the STING-Gt mutation faithfully recapitulated a complete block in STING signaling.

The simplest explanation why we, in contrast to the diverging results of previous reports, do not observe any role of STING may be the nature of the response itself. Whereas the prior studies were focused on foreign antigen challenge by immunization, we investigated chronic, autoreactive GC responses. Of note, although we did not see an impact on PC formation in the COI of the STING-Gt B cell model, we did observe a significant, albeit small, effect on PC levels deriving from the COI of the cGAS KO model. Although this seems to be in line with the results of Walker and colleagues, it could also be a secondary effect of PC survival signals driven through this pathway, as was previously suggested for TLR5 in vaccination settings (48). We cannot definitively exclude the possibility that STING deficiency influences autoantibody production in our model. Because only half of cells derive from STING-Gt or cGAS KO cells, respectively in the two models, we cannot reliably assess Ab production deriving, specifically, from these cells in the intact animal.

Our findings are overall in line with a recent study reporting that the cGAS-STING pathway does not promote autoimmunity in two murine models of SLE, the pristane induced lupus model and the genetically programmed MRL/lpr model (49). Whereas that study investigated the role of global cGAS or STING knock-out, thus affecting myeloid, lymphoid and stromal cells alike, the present study interrogated the role of the cGAS-STING pathway in GC B cells specifically. Whereas potential counteractive effects are possible in the complex scenario of global knock-out of cGAS and STING in the study by Motwani et al., our observations demonstrate that B cell intrinsic cGAS-STING signaling does not influence autoreactive GC B cell responses. In the context of potential STING activity in human autoreactive B cells and human autoimmune diseases, however, the threshold for cGAS/STING pathway activation and type I interferon secretion could be different. Further studies are needed to fully elucidate such potential species differences.

One of the main downstream products of STING activation is Type I IFN, which acts on IFNAR. Walker and colleagues suggested that the effects of STING they observed in part depended on B cell intrinsic IFNAR signaling. However, the B cell intrinsic importance of IFNAR has also been debated. Knock-out of IFNAR in a Wiskott-Aldrich syndrome (WAS) chimera model of B cell-driven autoimmunity, where B cell-specific WAS protein deficiency results in hyperresponsive B cells, did not block development of humoral autoimmunity, nor did it prevent the generation of robust splenic GCs (28). Conversely, two recent studies investigating the influence of B cell specific IFNAR KO in spontaneous SLE settings (B6.Sle1b IFNAR-/-: µMT chimeras or B6.Nba2 Mb1-Cre IFNARflx/flx mice) found a decreased GCB cell population in mice with IFNAR deficient B cells (25, 50). In line with the findings from the WAS model, we did not see any impact of a block in para-autocrine signaling through IFNAR in our model. The discrepancy from the results of Keller and colleagues may be explained by the partial vs. complete absence of IFNAR in B cells. In this context, it is at the same time a strength and a weakness of our model that we have internally competing B cell populations. We can rather definitively make conclusions on the B cell intrinsic roles of the investigated signaling components, but we cannot account for potential secondary signals or compensatory effects, that could be mediated by the interplay with a sizeable WT B cell population. The difference in sensitivity of our model to IFNAR blockade may, in turn, partly explain the observed difference in sensitivity to STING blockade.

In contrast to the lack of impact of cGAS, STING, or IFNAR deficiency, our findings on the near-absolute importance of TLR7 in GC B cell responses is well-aligned with numerous prior studies (15, 51–53). TLR7 and STING signal transduction both induce type I IFN expression, although the former does so through IRF-7 and the latter through IRF-3. Through knock-out of IFNAR, we found the B cell intrinsic action of type I IFN to be expendable for their GC participation. In addition, the two signaling pathways converge, albeit ostensibly via different routes, on the activation of MAPK/AP-1 and NF-κB, which promote production of proinflammatory cytokines, survival, and proliferation of the cell (54). Despite their downstream overlap in effector functions, the TLR7 and STING pathways are compartmentalized very differently in the host cell, with topological equivalence and inequivalence, respectively, to the subcellular localization of the BCR. Taken together, our findings are in line with the notion that physiological B cell responses are strictly supported by signals linked to BCR-mediated endocytosis, as previously demonstrated for dual-specific antigens which carry TLR7 or TLR9 ligands. In fact, it has been found that signaling through the endosomally located TLR7 can directly cooperate and cross-talk with aberrant BCR signals (55). Conversely, intracellular signals that could arise from, e.g., viral infection of B cells are precluded from short-circuiting B cell activities. We speculate that this wiring of B cell signals is essential to enable appropriate antibody responses, while at the same time restricting aberrant antibody responses during infections and in autoimmune or autoinflammatory settings. The notion that B cell intrinsic STING signals do not support autoimmune progression in and of themselves, provides some reassurance that anti-cancer therapies relying on STING agonists, which are currently in development (56), will not pose a significant direct risk of breaking B cell tolerance.
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Supplementary Figure 1 | Assessment of chimerism for the IFNAR mixed BM chimeras and controls. (A) B cell frequencies out of live, singlet lymphocytes, in blood of IFNAR-KO (blue, n = 6) and WT (red, n = 5) chimeras. Each dot represents an individual mouse and bars indicate mean +/- SD, with statistical significance given for unpaired t test (α = 0.05), ns = not significant. (B) As in (A), but for CD4+ T cell frequencies instead. (C) As in (A), but for CD8+ T cell frequencies instead. (D) CD45.1 vs. CD45.2 stratification of the CD4+ T cells from (B). Each dot represents an individual mouse and bars indicate mean +/- SD, dotted lines illustrate expected frequencies of 33.3% and 66.6% on the y-axis. (E) As in (D), but for the CD8+ T cells from (C) instead. (F) as for (D), but for B cells from (A) instead, only stratifying for CD45.2 expression and with dotted line at expected frequency of 50% on the y-axis. (G) As (A), but for 564Igi idiotype (9D11+) frequencies of B cells. (H) Anti-dsDNA Ab in blood of IFNAR-KO (blue, n = 6) and WT (red, n = 5) chimeras. Each dot represents an individual mouse and bars indicate mean +/- SD, with statistical significance given for unpaired t test (α = 0.05), ns = not significant. Grayed area represents the background level of C57BL6 mice. (I) Relative Cxcl10/β-actin mRNA expression in bone marrow-derived IFNAR-KO (blue) or WT (red) macrophages, upon mock stimulation or stimulation with IFN-β, as indicated. Each dot represents an experimental replicate, and bars indicate mean +/- SD, with statistical significance given for two-way ANOVA followed by Sidak’s post-test (α = 0.05), ns = not significant, **** = p<0.0001. (J) Confocal micrograph of spleen section from a representative IFNAR-KO chimera, stained for CD169 (green) for marginal zone indication and IgD (red) to indicate follicles and GCs (exclusion zones). (K) IFNAR positive cell percentages within the CD45.1 and CD45.2 B cell compartments in IngLN of IFNAR-KO and WT control chimeras. Each dot represents a mouse, and bars indicate median +/- SD, with statistical significance given for two-way ANOVA followed by Sidak’s post-test (α = 0.05), ns = not significant, **** = p<0.0001. (L) as in J, but for mesLN. (M) as in J, but for spleen. (N) as in J, but for the GCB compartment. (O) as in K, but for the GCB compartment. (P) as in L, but for the GCB compartment.

Supplementary Figure 2 | Assessment of chimerism for the STING mixed BM chimeras and controls presented in Figure 2, (A) B cell frequencies out of live, singlet lymphocytes, in blood of STING-Gt (blue, n = 5) and WT (red, n = 5) chimeras. Each dot represents an individual mouse and bars indicate mean +/- SD, with statistical significance given for unpaired t test (alpha = 0.05), ns = not significant. (B) As in (A), but for T cell frequencies instead. (C) CD45.1 vs. CD45.2 stratification of the T cells from (B). Each dot represents an individual mouse and bars indicate mean +/- SD, dotted lines illustrate expected frequencies of 33.3% and 66.6% on the y-axis. (D) as for (C), but for B cells from (A) instead, only stratifying for CD45.2 expression and with dotted line at expected frequency of 50% on the y-axis. (E) As (A), but for 564Igi idiotype (9D11+) frequencies of B cells. (F) Anti-dsDNA Ab in blood of STING-Gt (blue, n = 5) and WT (red, n = 5) chimeras. Each dot represents an individual mouse and bars indicate mean +/- SD, with statistical significance given for unpaired t test (alpha = 0.05), ns = not significant. Grayed area represents the background level of C57BL6 mice. (G) Confocal micrograph of spleen section from a representative STING-Gt chimera, stained for CD169 (green) for marginal zone indication and IgD (red) to indicate follicles and GCs (exclusion zones).

Supplementary Figure 3 | Assessment of chimerism for the STING mixed BM chimeras and controls presented in Figure 3, and impact of the STING Golden-ticket mutation on protein expression and enzymatic activity. (A) B cell frequencies out of live, singlet lymphocytes, in blood of STING-Gt (blue, n = 6) and WT (red, n = 7) chimeras. Each dot represents an individual mouse and bars indicate mean +/- SD, with statistical significance given for unpaired t test (alpha = 0.05), ns = not significant. (B) As in (A), but for CD4+ T cell frequencies instead. (C) As in (A), but for CD8+ T cell frequencies instead. (D) CD45.1neg fraction of CD4+ T cells from (B), stratified for PA-GFP status. Black bars indicate mean of CD45.1 PA-GFP double negative cells, whereas pink bars indicate mean of CD45.1 negative PA-GFP positive cells. Error bars indicate the SD of the mean. Dotted lines illustrate expected frequencies of 33.3% and 66.6% on the y-axis. (E) As in (D), but for CD8+ T cells from (C) instead. (F) As in (D) and (E) but illustrating CD45.1 positive compartments of the CD4+ and CD8+ T cells, respectively. Dotted line illustrates the expected frequency of 33.3% on the y-axis. (G) as for (D), but for B cells from (A) instead, and with dotted line at the expected frequency of 50% on the y-axis. (H) As (A), but for 564Igi idiotype (9D11+) frequencies of B cells. (I) Anti-dsDNA Ab in blood of STING-Gt (blue, n = 6) and WT (red, n = 7) chimeras. Each dot represents an individual mouse and bars indicate mean +/- SD, with statistical significance given for unpaired t test (alpha = 0.05), ns = not significant. Grayed area represents the background level of C57BL6 mice. (J) Two confocal micrographs of spleen sections from a representative STING-Gt chimera, stained for CD169 (green) for marginal zone indication and IgD (red) to indicate follicles and GCs (exclusion zones). (K) Western blot of FLAG-tagged WT STING (WT) and STING-Gt (I199N) both with an expected MW of ~44 kDa. GFP transfected cells served as a negative control. The blot was developed with anti-FLAG mAb. (L) Western blot of FLAG-tagged WT STING (WT) and STING-Gt (I199N) both with an expected MW of ~44 kDa. GFP transfected cells served as a negative control. The blot was developed with anti-STING mAb. (M) STING activity assay utilizing Firefly and Renilla luciferases to measure downstream enzymatic activity in lysates of STING-Gt, WT or GFP control cells. Each dot represents an experimental replicate, and bars indicate mean +/- SD, with statistical significance given for two-way ANOVA followed by Sidak’s post-test (alpha = 0.05), ns = not significant, ** = p<0.01. (N) Relative IFN-β/β-actin mRNA expression in bone marrow-derived STING-Gt (blue) or WT (red) macrophages, upon mock stimulation or stimulation with dsDNA, as indicated. Each dot represents an experimental replicate, and bars indicate mean +/- SD, with statistical significance given for two-way ANOVA followed by Sidak’s post-test (alpha = 0.05), ns = not significant, **** = p<0.0001.

Supplementary Figure 4 | Assessment of chimerism for the TLR7 mixed BM chimeras and controls. (A) B cell frequencies out of live, singlet lymphocytes, in blood of TLR7-KO (blue, n = 5) and WT (red, n = 5) chimeras. Each dot represents an individual mouse and bars indicate mean +/- SD, with statistical significance given for unpaired t test (α = 0.05), ns = not significant. (B) As in (A), but for CD4+ T cell frequencies instead. (C) As in (A), but for CD8+ T cell frequencies instead. (D) CD45.1pos fraction of CD4+ T cells from (B), stratified for PA-GFP status. Black bars indicate mean of CD45.1 positive PA-GFP negative cells, whereas pink bars indicate mean of CD45.1 PA-GFP double positive cells. Error bars indicate the SD of the mean. Dotted lines illustrate expected frequencies of 33.3% and 66.6% on the y-axis. (E) As in (D), but for CD8+ T cells from (C) instead. (F) As in (D) and (E) but illustrating CD45.1 negative compartments of the CD4+ and CD8+ T cells, respectively. Dotted line illustrates the expected frequency of 33.3% on the y-axis. (G) as for (D), but for B cells from (A) instead, and with dotted line at the expected frequency of 50% on the y-axis. (H) As (A), but for 564Igi idiotype (9D11+) frequencies of B cells. (I) Anti-dsDNA Ab in blood of TLR7-KO (blue, n = 5) and WT (red, n = 5) chimeras. Each dot represents an individual mouse and bars indicate mean +/- SD, with statistical significance given for unpaired t test (α = 0.05), ns = not significant. Grayed area represents the background level of C57BL6 mice. (J) Confocal micrograph of spleen section from a representative TLR7-KO chimera (left) and a WT control (right), stained for CD169 (green) for marginal zone indication and IgD (red) to indicate follicles and GCs (exclusion zones).

Supplementary Figure 5 | Assessment of chimerism for the cGAS mixed BM chimeras and controls. (A) B cell frequencies out of live, singlet lymphocytes, in blood of cGAS-KO (blue, n = 7) and WT (red, n = 7) chimeras. Each dot represents an individual mouse and bars indicate mean +/- SD, with statistical significance given for unpaired t test (α = 0.05), ns = not significant, * = p<0.05. (B) As in (A), but for CD4+ T cell frequencies instead. (C) As in (A), but for CD8+ T cell frequencies instead. (D) CD45.1neg fraction of CD4+ T cells from (B), stratified for PA-GFP status. Black bars indicate mean of CD45.1 PA-GFP double negative cells, whereas pink bars indicate mean of CD45.1 negative PA-GFP positive cells. Error bars indicate the SD of the mean. Dotted lines illustrate expected frequencies of 33.3% and 66.6% on the y-axis. (E) As in (D), but for CD8+ T cells from (C) instead. (F) As in (D) and (E) but illustrating CD45.1 positive compartments of the CD4+ and CD8+ T cells, respectively. Dotted line illustrates the expected frequency of 33.3% on the y-axis. (G) as (D), but for B cells from (A) instead and with dotted line at the expected frequency of 50% on the y-axis. (H) As (A), but for 564Igi idiotype (9D11+) frequencies of B cells. (I) Anti-dsDNA Ab in blood of cGAS-KO (blue, n = 7) and WT (red, n = 7) chimeras. Each dot represents an individual mouse and bars indicate mean +/- SD, with statistical significance given for unpaired t-test (α = 0.05), ns = not significant, ** = p<0.01. Grayed area represents the background level of C57BL6 mice. (J) Relative IFN-β/β-actin mRNA expression in bone marrow-derived cGAS-KO (blue) or WT (red) macrophages, upon mock stimulation or stimulation with dsDNA, as indicated. Each dot represents an experimental replicate, and bars indicate mean +/- SD, with statistical significance given for two-way ANOVA followed by Sidak’s post-test (α = 0.05), ns = not significant, **** = p<0.0001. (K) Confocal micrograph of spleen section from a representative cGAS-KO chimera, stained for CD169 (green) for marginal zone indication and IgD (red) to indicate follicles and GCs (exclusion zones).



References

1. Mesin, L, Ersching, J, and Victora, GD. Germinal Center B Cell Dynamics. Immunity (2016) 45(3):471–82. doi: 10.1016/j.immuni.2016.09.001

2. Victora, GD, and Nussenzweig, MC. Germinal Centers. Annu Rev Immunol (2012) 30(1):429–57. doi: 10.1146/annurev-immunol-020711-075032

3. Akkaya, M, Kwak, K, and Pierce, SK. B Cell Memory: Building Two Walls of Protection Against Pathogens. Nat Rev Immunol (2020) 20(4):229–38. doi: 10.1038/s41577-019-0244-2

4. Vinuesa, CG, Sanz, I, and Cook, MC. Dysregulation of Germinal Centres in Autoimmune Disease. Nat Rev Immunol (2009) 9(12):845–57. doi: 10.1038/nri2637

5. Domeier, PP, Schell, SL, and Rahman, ZS. Spontaneous Germinal Centers and Autoimmunity. Autoimmunity (2017) 50(1):4–18. doi: 10.1080/08916934.2017.1280671

6. Rahman, A, and Isenberg, DA. Systemic Lupus Erythematosus. N Engl J Med (2008) 358(9):929–39. doi: 10.1056/NEJMra071297

7. Cornaby, C, Gibbons, L, Mayhew, V, Sloan, CS, Welling, A, and Poole, BD. B Cell Epitope Spreading: Mechanisms and Contribution to Autoimmune Diseases. Immunol Lett (2015) 163(1):56–68. doi: 10.1016/j.imlet.2014.11.001

8. Vanderlugt, CL, and Miller, SD. Epitope Spreading in Immune-Mediated Diseases: Implications for Immunotherapy. Nat Rev Immunol (2002) 2(2):85–95. doi: 10.1038/nri724

9. Powell, AM, and Black, MM. Epitope Spreading: Protection From Pathogens, But Propagation of Autoimmunity? Clin Exp Dermatol (2001) 26(5):427–33. doi: 10.1046/j.1365-2230.2001.00852.x

10. Deshmukh, US, Bagavant, H, Lewis, J, Gaskin, F, and Fu, SM. Epitope Spreading Within Lupus-Associated Ribonucleoprotein Antigens. Clin Immunol (2005) 117(2):112–20. doi: 10.1016/j.clim.2005.07.002

11. Arbuckle, MR, McClain, MT, Rubertone, MV, Scofield, RH, Dennis, GJ, James, JA, et al. Development of Autoantibodies Before the Clinical Onset of Systemic Lupus Erythematosus. N Engl J Med (2003) 349(16):1526–33. doi: 10.1056/NEJMoa021933

12. Berland, R, Fernandez, L, Kari, E, Han, JH, Lomakin, I, Akira, S, et al. Toll-Like Receptor 7-Dependent Loss of B Cell Tolerance in Pathogenic Autoantibody Knockin Mice. Immunity (2006) 25(3):429–40. doi: 10.1016/j.immuni.2006.07.014

13. Lau, CM, Broughton, C, Tabor, AS, Akira, S, Flavell, RA, Mamula, MJ, et al. RNA-Associated Autoantigens Activate B Cells by Combined B Cell Antigen Receptor/Toll-Like Receptor 7 Engagement. J Exp Med (2005) 202(9):1171–7. doi: 10.1084/jem.20050630

14. Green, NM, Moody, KS, Debatis, M, and Marshak-Rothstein, A. Activation of Autoreactive B Cells by Endogenous TLR7 and TLR3 RNA Ligands. J Biol Chem (2012) 287(47):39789–99. doi: 10.1074/jbc.M112.383000

15. Jackson, SW, Scharping, NE, Kolhatkar, NS, Khim, S, Schwartz, MA, Li, QZ, et al. Opposing Impact of B Cell-Intrinsic TLR7 and TLR9 Signals on Autoantibody Repertoire and Systemic Inflammation. J Immunol (2014) 192(10):4525–32. doi: 10.4049/jimmunol.1400098

16. Sweet, RA, Ols, ML, Cullen, JL, Milam, AV, Yagita, H, and Shlomchik, MJ. Facultative Role for T Cells in Extrafollicular Toll-Like Receptor-Dependent Autoreactive B-Cell Responses In Vivo. Proc Natl Acad Sci USA (2011) 108(19):7932–7. doi: 10.1073/pnas.1018571108

17. Tan, X, Sun, L, Chen, J, and Chen, ZJ. Detection of Microbial Infections Through Innate Immune Sensing of Nucleic Acids. Annu Rev Microbiol (2018) 72:447–78. doi: 10.1146/annurev-micro-102215-095605

18. Li, XD, Wu, J, Gao, D, Wang, H, Sun, L, and Chen, ZJ. Pivotal Roles of cGAS-cGAMP Signaling in Antiviral Defense and Immune Adjuvant Effects. Science (2013) 341(6152):1390–4. doi: 10.1126/science.1244040

19. Aarreberg, LD, Esser-Nobis, K, Driscoll, C, Shuvarikov, A, Roby, JA, and Gale, M Jr. Interleukin-1beta Induces mtDNA Release to Activate Innate Immune Signaling via cGAS-STING. Mol Cell (2019) 74(4):801–15.e6. doi: 10.1016/j.molcel.2019.02.038

20. Ishikawa, H, Ma, Z, and Barber, GN. STING Regulates Intracellular DNA-Mediated, Type I Interferon-Dependent Innate Immunity. Nature (2009) 461(7265):788–92. doi: 10.1038/nature08476

21. Crow, YJ, and Manel, N. Aicardi-Goutieres Syndrome and the Type I Interferonopathies. Nat Rev Immunol (2015) 15(7):429–40. doi: 10.1038/nri3850

22. Gao, D, Li, T, Li, XD, Chen, X, Li, QZ, Wight-Carter, M, et al. Activation of Cyclic GMP-AMP Synthase by Self-DNA Causes Autoimmune Diseases. Proc Natl Acad Sci USA (2015) 112(42):E5699–705. doi: 10.1073/pnas.1516465112

23. Thim-Uam, A, Prabakaran, T, Tansakul, M, Makjaroen, J, Wongkongkathep, P, Chantaravisoot, N, et al. STING Mediates Lupus via the Activation of Conventional Dendritic Cell Maturation and Plasmacytoid Dendritic Cell Differentiation. iScience (2020) 23(9):1:11. doi: 10.1016/j.isci.2020.101530

24. Jeremiah, N, Neven, B, Gentili, M, Callebaut, I, Maschalidi, S, Stolzenberg, MC, et al. Inherited STING-Activating Mutation Underlies a Familial Inflammatory Syndrome With Lupus-Like Manifestations. J Clin Invest (2014) 124(12):5516–20. doi: 10.1172/JCI79100

25. Domeier, PP, Chodisetti, SB, Schell, SL, Kawasawa, YI, Fasnacht, MJ, Soni, C, et al. B-Cell-Intrinsic Type 1 Interferon Signaling Is Crucial for Loss of Tolerance and the Development of Autoreactive B Cells. Cell Rep (2018) 24(2):406–18. doi: 10.1016/j.celrep.2018.06.046

26. Green, NM, Laws, A, Kiefer, K, Busconi, L, Kim, YM, Brinkmann, MM, et al. Murine B Cell Response to TLR7 Ligands Depends on an IFN-Beta Feedback Loop. J Immunol (2009) 183(3):1569–76. doi: 10.4049/jimmunol.0803899

27. Chodisetti, SB, Fike, AJ, Domeier, PP, Singh, H, Choi, NM, Corradetti, C, et al. Type II But Not Type I IFN Signaling Is Indispensable for TLR7-Promoted Development of Autoreactive B Cells and Systemic Autoimmunity. J Immunol (2020) 204(4):796–809. doi: 10.4049/jimmunol.1901175

28. Jackson, SW, Jacobs, HM, Arkatkar, T, Dam, EM, Scharping, NE, Kolhatkar, NS, et al. B Cell IFN-γ Receptor Signaling Promotes Autoimmune Germinal Centers via Cell-Intrinsic Induction of BCL-6. J Exp Med (2016) 213(5):733–50. doi: 10.1084/jem.20151724

29. Domeier, PP, Chodisetti, SB, Soni, C, Schell, SL, Elias, MJ, Wong, EB, et al. IFN-Gamma Receptor and STAT1 Signaling in B Cells Are Central to Spontaneous Germinal Center Formation and Autoimmunity. J Exp Med (2016) 213(5):715–32. doi: 10.1084/jem.20151722

30. Gulen, MF, Koch, U, Haag, SM, Schuler, F, Apetoh, L, Villunger, A, et al. Signalling Strength Determines Proapoptotic Functions of STING. Nat Commun (2017) 8(1):427. doi: 10.1038/s41467-017-00573-w

31. Larkin, B, Ilyukha, V, Sorokin, M, Buzdin, A, Vannier, E, and Poltorak, A. Cutting Edge: Activation of STING in T Cells Induces Type I IFN Responses and Cell Death. J Immunol (2017) 199(2):397–402. doi: 10.4049/jimmunol.1601999

32. Cerboni, S, Jeremiah, N, Gentili, M, Gehrmann, U, Conrad, C, Stolzenberg, MC, et al. Intrinsic Antiproliferative Activity of the Innate Sensor STING in T Lymphocytes. J Exp Med (2017) 214(6):1769–85. doi: 10.1084/jem.20161674

33. Jing, Y, Dai, X, Yang, L, Kang, D, Jiang, P, Li, N, et al. STING Couples With PI3K to Regulate Actin Reorganization During BCR Activation. Sci Adv (2020) 6(17):eaax9455. doi: 10.1126/sciadv.aax9455

34. Tang, CA, Lee, AC, Chang, S, Xu, Q, Shao, A, Lo, Y, et al. STING Regulates BCR Signaling in Normal and Malignant B Cells. Cell Mol Immunol (2021) 18(4):1016–31. doi: 10.1038/s41423-020-00552-0

35. Walker, MM, Crute, BW, Cambier, JC, and Getahun, A. B Cell-Intrinsic STING Signaling Triggers Cell Activation, Synergizes With B Cell Receptor Signals, and Promotes Antibody Responses. J Immunol (2018) 201(9):2641–53. doi: 10.4049/jimmunol.1701405

36. Suurmond, J, Calise, J, Malkiel, S, and Diamond, B. DNA-Reactive B Cells in Lupus. Curr Opin Immunol (2016) 43:1–7. doi: 10.1016/j.coi.2016.07.002

37. Degn, SE, van der Poel, CE, Firl, DJ, Ayoglu, B, Al Qureshah, FA, Bajic, G, et al. Clonal Evolution of Autoreactive Germinal Centers. Cell (2017) 170(5):913–26 e19. doi: 10.1016/j.cell.2017.07.026

38. Victora, GD, Schwickert, TA, Fooksman, DR, Kamphorst, AO, Meyer-Hermann, M, Dustin, ML, et al. Germinal Center Dynamics Revealed by Multiphoton Microscopy With a Photoactivatable Fluorescent Reporter. Cell (2010) 143(4):592–605. doi: 10.1016/j.cell.2010.10.032

39. Lund, JM, Alexopoulou, L, Sato, A, Karow, M, Adams, NC, Gale, NW, et al. Recognition of Single-Stranded RNA Viruses by Toll-Like Receptor 7. Proc Natl Acad Sci USA (2004) 101(15):5598–603. doi: 10.1073/pnas.0400937101

40. Schoggins, JW, MacDuff, DA, Imanaka, N, Gainey, MD, Shrestha, B, Eitson, JL, et al. Pan-Viral Specificity of IFN-Induced Genes Reveals New Roles for cGAS in Innate Immunity. Nature (2014) 505(7485):691–5. doi: 10.1038/nature12862

41. Chatterjee, P, Agyemang, AF, Alimzhanov, MB, Degn, S, Tsiftsoglou, SA, Alicot, E, et al. Complement C4 Maintains Peripheral B-Cell Tolerance in a Myeloid Cell Dependent Manner. Eur J Immunol (2013) 43(9):2441–50. doi: 10.1002/eji.201343412

42. Chin, KH, Tu, ZL, Su, YC, Yu, YJ, Chen, HC, Lo, YC, et al. Novel C-Di-GMP Recognition Modes of the Mouse Innate Immune Adaptor Protein STING. Acta Crystallogr D Biol Crystallogr (2013) 69(Pt 3):352–66. doi: 10.1107/S0907444912047269

43. Wittenborn, TR, Hagert, C, and Degn, SE. Interrogating Individual Autoreactive Germinal Centers by Photoactivation in a Mixed Chimeric Model of Autoimmunity. J Vis Exp (2019) 146:1–11. doi: 10.3791/59397

44. Sauer, JD, Sotelo-Troha, K, von Moltke, J, Monroe, KM, Rae, CS, Brubaker, SW, et al. The N-Ethyl-N-Nitrosourea-Induced Goldenticket Mouse Mutant Reveals an Essential Function of Sting in the In Vivo Interferon Response to Listeria Monocytogenes and Cyclic Dinucleotides. Infect Immun (2011) 79(2):688–94. doi: 10.1128/IAI.00999-10

45. Paludan, SR, Reinert, LS, and Hornung, V. DNA-Stimulated Cell Death: Implications for Host Defence, Inflammatory Diseases and Cancer. Nat Rev Immunol (2019) 19(3):141–53. doi: 10.1038/s41577-018-0117-0

46. Laimer, J, Hiebl-Flach, J, Lengauer, D, and Lackner, P. MAESTROweb: A Web Server for Structure-Based Protein Stability Prediction. Bioinformatics (2016) 32(9):1414–6. doi: 10.1093/bioinformatics/btv769

47. Firl, DJ, Degn, SE, Padera, T, and Carroll, MC. Capturing Change in Clonal Composition Amongst Single Mouse Germinal Centers. Elife (2018) 7:1–24. doi: 10.7554/eLife.33051

48. Oh, JZ, Ravindran, R, Chassaing, B, Carvalho, FA, Maddur, MS, Bower, M, et al. TLR5-Mediated Sensing of Gut Microbiota Is Necessary for Antibody Responses to Seasonal Influenza Vaccination. Immunity (2014) 41(3):478–92. doi: 10.1016/j.immuni.2014.08.009

49. Motwani, M, McGowan, J, Antonovitch, J, Gao, KM, Jiang, Z, Sharma, S, et al. cGAS-STING Pathway Does Not Promote Autoimmunity in Murine Models of SLE. Front Immunol (2021) 12:605930. doi: 10.3389/fimmu.2021.605930

50. Keller, EJ, Patel, NB, Patt, M, Nguyen, JK, and Jorgensen, TN. Partial Protection From Lupus-Like Disease by B-Cell Specific Type I Interferon Receptor Deficiency. Front Immunol (2020) 11:616064. doi: 10.3389/fimmu.2020.616064

51. Walsh, ER, Pisitkun, P, Voynova, E, Deane, JA, Scott, BL, Caspi, RR, et al. Dual Signaling by Innate and Adaptive Immune Receptors is Required for TLR7-Induced B-Cell-Mediated Autoimmunity. Proc Natl Acad Sci USA (2012) 109(40):16276–81. doi: 10.1073/pnas.1209372109

52. Hua, Z, Gross, AJ, Lamagna, C, Ramos-Hernandez, N, Scapini, P, Ji, M, et al. Requirement for MyD88 Signaling in B Cells and Dendritic Cells for Germinal Center Anti-Nuclear Antibody Production in Lyn-Deficient Mice. J Immunol (2014) 192(3):875–85. doi: 10.4049/jimmunol.1300683

53. Soni, C, Wong, EB, Domeier, PP, Khan, TN, Satoh, T, Akira, S, et al. B Cell-Intrinsic TLR7 Signaling Is Essential for the Development of Spontaneous Germinal Centers. J Immunol (2014) 193(9):4400–14. doi: 10.4049/jimmunol.1401720

54. Okude, H, Ori, D, and Kawai, T. Signaling Through Nucleic Acid Sensors and Their Roles in Inflammatory Diseases. Front Immunol (2020) 11:625833. doi: 10.3389/fimmu.2020.625833

55. Suthers, AN, and Sarantopoulos, S. TLR7/TLR9- and B Cell Receptor-Signaling Crosstalk: Promotion of Potentially Dangerous B Cells. Front Immunol (2017) 8:775. doi: 10.3389/fimmu.2017.00775

56. Le Naour, J, Zitvogel, L, Galluzzi, L, Vacchelli, E, and Kroemer, G. Trial Watch: STING Agonists in Cancer Therapy. Oncoimmunology (2020) 9(1):1777624. doi: 10.1080/2162402X.2020.1777624




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Green, Wittenborn, Fahlquist-Hagert, Terczynska-Dyla, van Campen, Jensen, Reinert, Hartmann, Paludan and Degn. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-12-782558-g005.jpg
Lol .
Driver Compartment Wanwis
Corparmet  _oliuss____con [
G045 22 504161 PAGFP | CDA5 22 cGAS KO COAS 122WT |
Donor 84 a5 272 wwwsw‘ W m
¢ w0
! 3
OXm N85 <m0 swes < A £ w
:
¥ Recipient Y inadiatod 4 Chmera -4
vy recpent HE
om0 o .
[T "
L GCB freq £ o
i O T
% o
! 52201 et [P
5. . « 5 wloes W
1 552 | 5
| o v P
1 L:g i &
sl 2 5] L= 2o 5
: . ! | [o] =
et : e
. lggy w g5k
g e s e
[T G B o
Towe
L GCB /8! a PC /B L
15mn 1o [ ——
(CO45.1= PAGFP) (€4S = PAGFP) e RO TR ore b
s [P - =
S e g o
2 o £ o
. . J
[T " Mot Spon [S
e T Town
L CGAS-KO.

1D CD45.1 CD48.2






OEBPS/Images/M2.jpg
Relative GC participation in % =





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        B Cell Intrinsic STING Signaling Is Not Required for Autoreactive Germinal Center Participation

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Mice

          



          		

            Ethics Statement

          



          		

            Antibodies and Staining Reagents

          



          		

            Mixed Bone Marrow Chimeras

          



          		

            Flow Cytometry

          



          		

            Anti-dsDNA Analyses

          



          		

            Confocal Imaging of Spleen Sections

          



          		

            Molecular Modelling

          



          		

            Site-Directed Mutagenesis, STING Expression, and STING Activity Analysis

          



          		

            Ex Vivo Analyses of cGAS, STING and IFNAR Activity

          



          		

            Data Analysis and Presentation

          



        



        



        		

          Results

        

          		

            Autoreactive GC B Cells Do Not Depend on Intrinsic IFNAR Signaling

          



          		

            Autoreactive GC B Cells Do Not Depend on Intrinsic STING Signaling

          



          		

            Autoreactive GC B Cells Depend Critically on Intrinsic TLR7 Signaling

          



          		

            Autoreactive GC B Cells Do Not Depend on Intrinsic cGAS-Mediated Sensing

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-12-782558-g003.jpg
A L4 ——

Orver  Compariment
comven SR o
conamssmmmore ]
oo G O e e it | ] |_| I'l
; o .
r S - A Lohwa S AHE T
coes 1 recipent |
osmos  ewr . L)
o e s
d GCBeq, b Tissue.
— e
et S = n
. GCB/Brato. a PC/Brato M iotype 6011°PA.GFP=) na
e e
: (N nno .
S ol £ 1o ~4
H H A
s slIN: £ oefh i
3 8 ﬂ #
o et s
Tou o

A Ot BONE





OEBPS/Images/fimmu-12-782558-g001.jpg
Sahing

ins

- wl
ol
s W e,
e @ == L
I )
o murko o wr N MeN Spen
c conim ° ottt

e . T e

o g " = e cpes2]
e § B g
L *

. 2 1i T % W e " R

§ .2 e

a " \
N o S s
O Mo S S Zoono Guooom
Hesdansan
e s Boal® | = B J¥E [* E ]

o i ¥0L_= ¥l _=_ ¥Vl _=
3 oo Comparent Compunan
g rnemocamenn X pwsmacanin © s macan e
! 5 o [
e om en o N
§ fooley [o fefal |1 jeefet le

fo] L 1
e T = _ 1%
Ow1 cous2 o041 cousz oBes1 cossz
ol R EC

A0





OEBPS/Images/fimmu-12-782558-g004.jpg
Onver
Compartment

D45 112 504 PAGEP [
L

Boslifreg,

e

w
Donor M C0as 112 S64igi PA-GFP.
g ®
1
ooy X ‘1\'; <2 @D, eweis @ g LEFSaE 53
Lr R chimos 5w
SET piem H
om0 ewr o !
SN Mewn Speen
. R ,., »
conien Tosin
o W
|—| |—| 5220 o1 gntoten o8 cot geuteavon
B L Toao ‘ ol o
: oy &
L - g 3 P
3 8 loar &1 (8 & loo
:, E ) y Foli
LE : ) —a
N A o 4
P . I W oe Wi W W W Wi W W W
- - co4s.1 coss cD45.1
e o "
Goa/B e vo16 o Re——
e, cout e
W v v g e W
. 0o 1) M
E 10 e 2 £ 1o . i
5 s £ os
5 ! 8 ﬂ ﬂ_lila A ﬁ
L T T s ¢ T T z T T T
g Mesn Spien TGN M Spen o Mo S
Tesie e Twe
. a0 wr

ey





OEBPS/Images/fimmu.2021.782558_cover.jpg
, frontiers
in Immunology

B Cell Intrinsic STING Signaling Is
Not Required for Autoreactive
Germinal Center Participation





OEBPS/Images/M3.jpg
Relative PC participation in % = 0

(e

) ons





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-12-782558-g002.jpg
N Oriver ¥ Boslireg
Comat -
cow s Il
Dojar B cmszw\v“
g
o May e b8 zor o 02 fo ;
Y Yolsws Tk H
frry foomy I
osmoa  ewr i
[T =
c ccors ° Toom
.
[—— o8 corentesen
. I S
. 1, s
Z N \<8 ) =)
. Fi 5 )
5 T1 & 3
: 0 )
i . ooss
#8 [If e
.
X t e woe W W
o s e, P
Toas
. ocarnme o — "
P L ok
Ay o - i
R A
8 . g m -
7 LI T L "
i T 3 i1le o o«
2 i H
§ e d g N0
H
OO =, L lgh ap 87
S L g B [P o
pac Tonn o
‘ s

oD CONS COME





OEBPS/Images/M1.jpg
ABGermina = 3445 AAGotaing = 344 13
e T
s

=383





